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I .  INTRODUCTION 


Among  the  many  parameters  to  be  considered  relating  to  gun  system  accuracy 
is  the  launch  orientation  of  the  projectile  relative  to  the  gun  tube  axis. 
Excessive  misalignment  of  the  projectile  at  muzzle  exit  can  affect  the  free 
flight  trajectory  of  the  projectile  and  thus  the  accuracy.  The  misalignment 
of  the  projectile  is  also  indicative  of  gun  tube  wear  and  other  projectile-gun 
tube  interface  problems.  Knowledge  of  the  orientation  characteristics  of  the 
projectile  could  result  in  refinement  of  the  projectile  design  to  provide 
increased  accuracy.  With  increased  emphasis  on  high  performance  gun-projectile 
systems,  knowledge  of  the  forces  affecting  the  structural  integrity  of  the 
projectile  at  launch  becomes  increasingly  important.  Projectiles  for  these 
systems  are  quite  expensive.  If  design  or  structural  defects  can  be  detected 
early  in  the  development  phase,  they  may  be  corrected  resulting  in  an  overall 
cost  savings,  increased  reliability,  and  accuracy  of  the  system. 

During  the  past  one  and  one-half  years  considerable  research  has  been 
conducted  using  a  radio  frequency  technique  to  measure  projectile  muzzle 
velocity. Radio  frequency  velocimeters  have  been  used  on  a  40-mm,  75-mm, 
and  105-mm  gun  primarily  to  obtain  a  real  time  measurement  of  projectile  muzzle 
velocity.  However,  analysis  of  the  records  of  the  detected  projectile  signature 
has  shown  that  the  radio  frequency  technique  can  provide  measurements  of  other 
interior  ballistic  parameters  before,  during,  and  after  muzzle  exit.  In  order 
to  provide  an  accurate  and  reliable  muzzle  velocity  measurement,  the  signal 
modulation  caused  by  these  parameters  had  to  be  considered  extraneous  and 
suppressed  as  much  as  possible.  Now  that  these  signals  have  successfully  been 
suppressed  to  provide  muzzle  velocity  measurements,  it  is  logical  to  pursue 
the  other  applications  of  the  radio  frequency  technique  to  complement  the 
velocity  measurements. 

Recorded  signals  of  some  projectiles  have  shown  the  radio  frequency 
technique  to  be  capable  of  detecting  small  projectile  deformation  and  misalign¬ 
ment  as  it  exits  the  gun  tube.  However,  since  the  sensor  coil  used  in  the 
velocimeter  system  is  a  single  loop,  the  detected  signal  is  the  total  integrated 
signal  representing  the  proximity  of  the  projectile  to  the  sensor  over  a  full 
.ibO°  arc.  Even  though  the  projectile  misalignment  may  be  evident,  it  is  not 
possible  to  extract  the  angle  or  magnitude  of  the  misalignment  from  the  signal. 

Described  in  this  report  is  a  radio  frequency  technique  which  provides  a 
means  to  obtain  the  angle  and  the  magnitude  of  the  displacement  of  the  projec¬ 
tile  with  respect  to  the  bore  axis  at  the  precise  instant  of  projectile  exit. 

It  also  provides  a  means  to  monitor  the  structural  integrity  of  the  projectile 
at  muzzle  exit. 

Due  to  the  projectile  and  gun  tube  tolerances,  the  displacement  from  the 
bore  axis  is  quite  small  unless  the  projectile  is  physically  deformed  during 


1 Jimmy  Q.  Schmidt ,  "A  Radio  Frequency  Oscillator  Technique  for  Measuring 
Projectile  Muzzle  Velocity ,"  ARBRL-TR-02158,  April  1979. 

2 

Rurik  K.  Loder ,  Jimmy  Q.  Schmidt ,  "Radio  Frequency  Oscillator  Technique  for 
Monitoring  Velocity  and  Structural  Integrity  of  Projectiles  During  Their-  Exit 
From  the  Muzzle,"  ARBRL-MR-031 00,  April  1981. 
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its  travel  in  the  gun  tube.  In  the  past,  this  small  displacement  has  been 
difficult  to  measure  since  a  small  displacement  is  difficult  to  detect  by 
photographic  methods.  X-ray  photographs  are  usually  not  sufficiently  well 
defined  to  see  this  small  displacement.  Using  regular  photography,  the 
projectile  may  be  obscured  by  the  smoke  and  blast  in  the  muzzle  region. 

Although  the  use  of  an  optical  lever  may  be  possible,  it  is  likely  that  the 
smoke  and  blast  would  attenuate  the  light  beam  making  measurements  difficult. 

The  same  is  true  with  a  multiple  interferometry  system.  All  of  the  above 
methods  are  relatively  expensive  and  require  a  fixed  mounting  with  realignment 
necessary  if  the  firing  angle  is  changed. 

The  radio  frequency  oscillator  displacement  measuring  system  has  several 
distinct  advantages  over  the  aforementioned  methods: 

A.  It  is  more  sensitive  to  small  amounts  of  displacement.  Displacement 
on  the  order  of  0.1  mm  (0.005  in.)  can  be  measured. 

B.  It  is  easily  integrated  into  a  small  computer  system  for  the 
computation  of  the  angle  and  magnitude  of  the  displacement. 

C.  The  sensor  and  its  associated  circuitry  are  simple  and  inexpensive. 

D.  There  is  no  restriction  to  the  firing  angle  of  the  gun  since  the 
sensor  is  mounted  at  the  face  of  the  muzzle. 

II.  DESCRIPTION  OF  THE  PROJECTILE  TRANSVERSE  DISPLACEMENT  MEASUREMENT  SYSTEM 

The  projectile  transverse  displacement  measuring  system  consists 
basically  of: 

A.  A  multisegmented  active  inductance  coil,  in  this  design  a  four- 
segmented  arrangement  where  one  pair  of  semicircular  segments  is 
oriented  in  a  horizontal  plane  and  the  other  pair  displaced  by  90° 
to  be  in  a  vertical  plane. 

B.  A  radio  frequency  oscillator  to  excite  the  sensor  segments  and 
provide  a  sensor  responsive  to  the  passage  of  the  projectile. 

C.  An  amplitude  detector  associated  with  each  segment  to  remove  the 
radio  frequency  carrier  and  provide  a  pulse,  the  amplitude  of  which 
is  proportional  to  the  transverse  displacement  of  the  projectile 

with  respect  to  the  sensor  segment  as  the  projectile  passes  the  sensor. 

D.  A  pair  of  wide  band  differential  amplifiers  which  amplify  the 
difference  between  the  detected  signals  of  the  corresponding 
horizontally  and  vertically  oriented  segments. 

E.  A  pair  of  summing  amplifiers  which  sum  the  detected  signals  of  the 
corresponding  sensor  segments. 

F.  A  pair  of  two-channel  digital  oscilloscopes  to  record  and  transfer 
the  signals  to  a  computer  for  the  computation  of  the  angle  and 
magnitude  of  the  projectile  displacement. 
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A  simple  four-segment  sensor  was  used  in  the  initial  test  of  the  transverse 
displacement  measurement  system.  The  choice  of  the  number  of  segments  is 
dictated  by  the  required  sensitivity  and  resolution  of  the  measurement.  To 
simplify  the  design,  two  identical  segmented  coils  were  fabricated  from 
standard  printed  circuit  board.  The  design  is  shown  in  Figure  1. 


Figure  1.  The  Basic  Sensor  Coil  Arrangement 

The  two  sensor  rings  are  oriented  90°  with  respect  to  each  other,  epoxied 
in  a  mounting  collar  and  bolted  to  a  40-mm  gun  tube  as  shown  in  Figure  2.  A 
Teflon  seal  is  used  between  the  sensor  and  gun  tube  to  prevent  the  high  pressure 
gases  from  leaking  in  between  the  sensor  and  the  gun  tube. 


COLLAR 


LEFT/RIGHT 

SENSOR 


UP/DOWN 

SENSOR 


Figure  2.  Cross-Sectional  View  of  the  Sensor  Coils  Attached  to  the  Gun  Tube 
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Since  the  sensor  is  composed  of  two  rings,  there  is  a  slight  time  differ¬ 
ence  between  the  detected  signals  which  must  be  taken  into  account  in  the 

data  analysis.  Shown  in  Figure  3  is  a  four-segmented  sensor  coil  in  which  all 

four  segments  are  in  the  same  longitudal  plane.  This  eliminates  the  time 

differential  but  has  less  sensitivity  than  the  original  sensor.  The  simpler, 
more  sensitive,  two  ring  arrangement  was  chosen  for  the  first  t  st ;  however, 
other  sensor  arrangements  such  as  shown  in  Figure  3  will  be  tested  at  a  later 
t  ime . 


Figure  3.  Design  of  the  Four  Segmented  Sensor  With  All  Loops  on  the  Same 
Longitudal  Plane 


Referring  to  Figure  1,  it  can  be  seen  that  if  the  two  sensor  rings  are 
oriented  as  shown,  one  segment  of  a  ring  can  be  used  to  detect  the  proximity 
of  the  projectile  to  the  left  of  the  center  axis  of  the  gun  tube  while  the 
adjacent  segment  can  be  used  to  detect  the  projectile's  proximity  to  the  right 
side  of  the  tube  axis.  With  the  second  sensor  ring  oriented  90°  with  respect 
to  the  first,  one  segment  detects  the  "up"  displacement  while  the  adjacent 
segment  detects  the  "down"  displacement. 


The  principle  by  which  a  signal  is  developed  in  each  segment  is  the  same 
as  in  the  radio  frequency  muzzle  velocimeter . *  In  this  application,  all  four 
segments  of  the  sensor  are  part  of  a  radio  frequency  (RF)  oscillator  circuit 
as  shown  in  Figure  4. 


Each  inductive  segment  is  resonated  by  a  parallel  capacitor  at 
approximately  the  oscillator  frequency  and  is  partially  isolated  by  four 
resistors.  An  electromagnetic  field  is  radiated  from  each  sensor  segment.  As 
the  projectile  passes,  this  field  induces  localized  eddy  currents  in  the  shell 
of  the  projectile  which,  in  turn,  couples  back  into  the  sensor  segments.  This 
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Figure  4.  The  Basic  jchematic  of  the  RF  Oscillator  for  the  Transverse 
Displacement  Sensor 

causes  an  impedance  transformation  which  is  reflected  as  a  change  in  the  RF 
level  which  is  across  the  sensor  coil  segments.  The  magnitude  of  the  RF  level 
change  is  a  function  of  the  distance  between  the  sensor  segment  and  the 
projectile.  The  closer  the  projectile  is  to  the  sensor  segment,  the  stronger 
the  coupling  and  the  greater  the  impedance  transformation.  The  resultant 
change  in  RF  across  each  segment  is  amplitude-detected  by  a  conventional  diode 
detector  and  filtered  to  remove  the  RF  carrier.  As  a  result  of  the  projectile 
passing  through  the  sensor,  four  pulses  are  generated,  the  amplitude  of  each 
at  any  given  point  in  time  being  a  function  of  the  distance  between  the  projec¬ 
tile  and  the  sensor  segment. 

Representative  waveforms  obtained  from  a  cylindrical  projectile  are  shown 
in  Figure  5.  In  this  example^he  projectile  is  assumed  to  be  perfectly  centered 
and  aligned  with  the  gun  tube  in  the  horizontal  plane  (left/right)  and  cocked, 
leading  edge  up,  in  the  vertical  plane  (up/down).  Since  the  projectile  is 
equidistant  from  the  left  and  right  sensor  segments,  the  amount  of  amplitude 
modulation  is  the  same  on  the  left  and  right  sensor  segment.  After  detection 
and  filtering,  two  positive  pulses  which  are  equal  to  each  other  are  obtained. 
The  two  detected  pulses  are  fed  to  a  wide  band  differential  amplifier  and  a 
summing  amplifier.  Since  the  projectile  is  cocked  in  the  vertical  plane, 
the  leading  edge  of  the  projectile  will  be  closer  to  the  "up"  segment.  The 
amount  of  modulation  is  therefore  greater  at  the  leading  edge  of  the  modulated 
signal.  As  the  projectile  passes  the  sensor,  the  trailing  edge  will  be  closer 
to  the  "down"  segment  resulting  in  greater  modulation  at  the  trailing  edge  of 
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Figure  5.  Representative  Waveforms  of  A  Projectile  Aligned  in  the  Horizontal 
Plane  and  Cocked  in  the  Vertical  Plane 

the  signal  from  the  "down"  sensor.  After  detection  and  filtering,  two  pulses 
are  obtained  and  fed  to  a  second  wide  band  differential  amplifier  and  a  summing 
amplifier.  The  two  pulses  from  the  left/right  detectors  are  coupled  to  the  non 
inverting  and  inverting  inputs,  respecti vcly,  of  the  differential  amplifier  as 
shown  in  Figure  6. 


Figure  6.  Block  Diagram  of  the  Signal  Processing  Circuits  and  Associated  Wave¬ 
forms 
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The  signals,  being  e(]ual  are,  cancelled  in  the  differential  amplifier 
resulting  in  no  output.  If  the  projectile  would  have  been  displaced  to  the 
left,  a  positive  output  would  have  been  obtained;  if  it  had  been  displaced  to 
the  right,  a  negative  output  would  have  been  obtained.  A  second  amplifier 
provides  additional  gain  for  what  ever  signal  is  present  to  increase  it  to  a 
suitable  level  for  recording.  The  two  pulses  are  also  coupled  to  a  summing 
amplifier,  representing  the  sum  of  the  two  input  signals.  Thus,  two  output 
pulses  are  obtained  from  the  left/right  channel.  The  first  one  is  the 
difference  signal,  the  polarity  of  which  indicates  the  direction  of  projectile 
displacement  relative  to  the  center  axis  of  the  gun  tube.  The  amplitude  of 
this  signal  is  proportional  to  the  displacement.  The  second  signal,  the  summed 
one,  is  the  total  integrated  signal  of  both  segments  and  is  used  for  the  signal 
normalization  and  the  computation  of  projectile  velocity. 

The  two  pulses  from  the  up/down  detectors  are  fed  to  the  noninverting 
and  inverting  inputs,  respectively,  of  the  second  wide  band  differential 
amplifier.  In  this  example,  where  the  projectile  has  a  misalignment  in  the 
vertical  plane,  the  two  signals  are  different.  The  differential  amplifier  will 
cancel  the  equal  component  of  the  signal  and  amplify  any  difference.  The 
unequal  component  of  the  signal  derived  from  the  "up"  detector  is  amplified 
without  phase  inversion  while  the  unequal  component  of  the  signal  from  the 
"down"  detector  is  amplified  and  inverted  by  180°.  The  output  pulse  of  the 
differential  amplifier  is  a  pulse  indicating  the  misalignment  of  the  projectile. 
The  leading  edge  of  the  pulse  is  positive,  gradually  decreasing  to  zero  and 
then  to  a  negative  peak  and  returning  to  zero  after  the  projectile  passes. 

This  corresponds  to  the  projectile  being  cocked  in  the  vertical  plane  where 
the  leading  edge  of  the  projectile  is  closer  to  the  "up"  segment  and  the 
trailing  edge  of  the  projectile  is  closer  to  the  "down"  segment  of  the  sensor. 
This  pulse  is  further  amplified  for  recording.  The  two  pulses  from  the  up/down 
sensors  are  also  fed  to  a  summing  amplifier  which  provides  an  output  pulse 
for  the  normalization  of  the  signal. 

In  summary,  four  output  signals  are  obtained 

A.  A  left/right  differenced  signal,  the  polarity  being  indicative  of 
the  left  or  right  displacement  of  the  projectile  and  the  amplitude 
indicative  of  the  magnitude  of  the  displacement. 

B.  An  up/down  differenced  signal,  the  polarity  being  indicative  of  the 

up  or  down  displacement  of  the  projectile  and  the  amplitude  indicative 
of  the  magnitude  of  the  displacement. 

C.  A  summed  left/right  signal  for  use  in  the  normalization  of  the  signals. 

D.  A  summed  up/down  signal  for  use  in  the  normalization  of  the  signals. 

The  circuitry  for  the  sensor  oscillator,  the  detectors,  and  the  amplifiers 
is  housed  in  a  small  box  attached  to  the  sensor  mounting  collar.  The  four 
output  pulses  are  coupled  back  to  a  recording  facility  on  four  coaxial  cables. 

The  complete  assembly  is  shown  in  Figure  7.  Since  the  gun  was  approximately 
50  m  from  the  recording  room,  the  four  signals  were  coupled  through  unity 
gain  isolation  amplifiers  to  prevent  60  Hz  modulation  due  to  ground  current 
loops.  The  left/right  summed  signal  was  also  fed  to  the  logic  circuitry  of  a 
radio  frequency  velocimetcr  to  measure  the  projectile  velocity. 
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III.  INITIAL  TEST  RESULTS  OF  THE  PROJECTILE  TRANSVERSE  DISPLACEMENT 
MEASURING  SYSTEM  ON  A  40 -mm  GUN 

The  projectile  transverse  displacement  measurement  system  was  tested  on 
a  40-mm  smoothbore  gun  from  26  May  1981  to  11  June  1981.  X-ray  photographs 
were  taken  of  the  projectiles  approximately  30  cm  from  the  muzzle  to  correlate 
the  angle  of  displacement  observed  to  the  recorded  signal.  The  x-ray  photo¬ 
graphs  were  obtained  using  a  new  automatic  time  delay  circuit  which  insures  the 
proper  delay  time  regardless  of  the  projectile  velocity.*  The  real  time 
measurement  from  the  electronic  velocimeter  is  used  to  calculate  the  delay  to 
insure  capturing  the  image  of  the  projectile  on  the  x-ray  plate. 

Since  a  projectile  can  be  displaced  only  within  the  constraints  of  the 
projectile  and  bore  tolerances,  it  is  difficult  to  simulate  displacement  in  a 
predetermined  direction  by  adding  material  to  one  side  of  the  projectile  or 
misaligning  it  before  firing.  Asymmetric  seating  and  dynamic  effects  during 
in-bore  travel  can  result  in  unpredictable  displacement  at  muzzle  exit.  There¬ 
fore  the  projectiles  were  modified  by  removing  material  from  one  side.  This 
provides  the  same  output  result  except  that  the  magnitude  of  the  signal  is 
slightly  less  than  if  the  projectile  had  actually  been  closer  to  the  opposite 
sensor  segment.  This  is  due  to  the  nonlinearity  of  the  sensor. 

The  test  projectiles  were  fabricated  in  the  three  sections,  a  front  end 
piece,  a  center  section  called  the  body,  and  a  rear  end  piece  as  shown  in 
Figure  SA.  Two  plastic  bands  separate  the  body  from  the  end  pieces. 

After  several  unmodified  test  projectiles  were  fired  to  check  out  the 
system,  tests  were  conducted  using  modified  projectiles.  In  each  case,  the 
degree  to  which  the  projectile  was  modified  may  be  considered  extreme.  However, 
it  guaranteed  that  the  modification  could  be  observed  on  the  x-ray  photograph 
and  be  employed  to  confirm  the  angle  of  displacement. 

The  first  modified  round,  Figure  8B,  was  made  by  filing  two  tapered  flats 
on  the  body.  The  two  flats  were  filed  90°  apart  at  opposite  ends  of  the 
projectile.  The  projectile  was  loaded  in  the  tube  with  the  leading  flat  to 
the  right  and  the  trailing  flat  up.  Therefore,  the  left  side  in  the  front  was 
closer  to  the  sensor  ant’  the  Lctton  was  closer  to  the  terser  ir  the  rear.  The 
recorded  signals  are  shown  in  Figure  9.  A  positive  or  negative  signal  in  the 
left  right  channel  indicates  misalignment  to  the  left  or  right,  respectively, 
and  a  positive  or  negative  signal  in  the  up  down  channel  indicates  misalignment 
up  or  down,  respectively.  The  summed  channels  provide  a  signal  representing 
the  profile  of  the  projectile.  The  first  pulse  is  the  output  from  the  end 
piece,  the  second  pulse,  the  output  of  the  body,  and  the  third  pulse,  the  out¬ 
put  of  the  rear  end  piece.  The  signal  dropouts  between  pulses  correspond  to 
the  plastic  bands  which  are  not  detected  by  the  radio  frequency  technique.  The 
x-ray  photograph  obtained  of  the  projectile  is  shown  in  Figure  10. 


* Information  on  the  automatic  delay  circuit  will  be  published  in  a  Ballistic 
Research  Laboratory  Report  in  the  near  future. 
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Figure  10.  X-ray  Photograph  of  the  First  Modified  Projectile 

In  the  second  example  shown,  the  end  pieces  had  flat  spots  oriented  180° 
with  respect  to  each  other  as  shown  in  Figure  8C.  Figure  11  is  the  x-ray 
photograph  of  this  projectile.  The  recorded  signals  are  shown  in  Figure  12. 

As  can  be  seen  from  the  records  of  the  left/right  channel,  the  first  end  piece 
is  well  centered  and  aligned  with  the  tube  axis.  The  body  is  cocked  to  the 
left,  and  the  rear  end  piece  is  displaced  to  the  right.  In  the  up/down  plane 
the  body  is  well  aligned  and  the  end  pieces  show  a  well  defined  indication  of 
the  flat  spots.  The  misalignment  of  the  three  sections  of  the  projectile  is 
possible  due  to  the  tolerances  of  the  screws  holding  them  together. 


Figure  11.  X-ray  Photograph  of  the  Second  Modified  Projectile 


Figure  12.  Recorded  Signals  of  Round  82,  Second  Modified  Projectile 


The  third  modified  projectile  consisted  of  a  body  machined  down  to  a  smaller 
diameter  and  mounted  between  the  end  pieces  at  an  angle  to  the  tube  axis  as 
shown  in  Figure  8D.  This  simulates  a  cocked  projectile,  the  leading  edge  up. 
Shown  in  Figure  13  is  the  x-ray  photograph  of  this  projectile.  The  output 
waveforms  are  shown  in  Figure  14.  The  left  right  channel  indicates  that  the 
body  of  the  projectile  was  displaced  to  the  left.  The  up  down  channel  shows  a 
clear  indication  of  the  inclination  of  the  projectile,  where  the  leading  edge 
of  t he  body  was  closer  to  the  "up"  sensor  and  the  trailing  edge  of  the  body 
was  closer  to  the  "down"  sensor.  It  should  be  noted  that  the  reduced  amplitude 
of  the  center  pulse  in  the  summed  channels  is  a  result  of  the  reduced  diameter 
of  the  body.  The  reduced  diameter  was  necessary  to  obtain  a  simulated  cocked 
project i le . 


Figure  13.  X-ray  Photograph  of  the  Third  Modified  Projectile 

A  fourth  modified  projectile  is  shown  in  Figure  8E.  Three  flat  steps  were 
filed  from  the  body  as  shown.  The  resultant  outputs  are  shown  in  Figure  15. 

As  can  be  seen  in  the  left  right  channel,  both  end  pieces  and  the  body  arc 
well  aligned  with  the  tube  axis.  The  end  pieces  are  also  well  aligned  in  the 
vertical  plane,  up  down,  with  the  steps  on  the  body  being  clearly  indicated. 
Figure  16  is  the  x-ray  photograph  obtained  from  this  projectile. 

As  can  be  seen  from  these  four  examples,  various  forms  of  misalignment  of 
the  projectile  or  individual  projectile  components  can  easily  be  detected  and 
interpreted  using  the  radio  frequency  transverse  displacement  measurement 
system. 
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Figure  14.  Recorded  Signals  of  Round  83,  Third  Modified  Projectile 


POUND  34  LEFT  -  RIGHT  2?O0r  POUND  84  LEFT  4-  RIGHT 


Figure  15.  Recorded  Signals  of  Round  84,  Fourth  Modified  Projectile 


Figure  16.  X-ray  Photograph  of  the  Fourth  Modified  Projectile 


IV.  SUMMARY 

As  a  result  of  bench  test  and  the  initial  test  firings  of  a  40-mm  gun 
with  a  prototype,  the  radio  frequency  technique  for  measuring  projectile 
transverse  displacement  has  been  proven  to  be  a  valid  concept.  This  instru¬ 
mentation  should  prove  to  be  a  valuable  asset  in  the  future  for  the  development 
of  projectiles  and  gun  systems.  It  is  highly  desirable  to  apply  this  technique 
in  the  early  stage  of  a  projectile  or  gun  development  program  to  define  system 
performance  or  to  detect  any  projectile-gun  interface  problems. 

At  the  present  time,  a  computer  program  is  being  developed  to  compute  the 
angle  and  the  magnitude  of  the  displacement  relative  to  the  gun  tube  axis  from 
the  horizontal  and  vertical  components  recorded.*  Additional  tests  of  the 
projectile  transverse  displacement  measurement  system  are  planned  for  the  near 
future . 


‘Results  from  this  and  future  tests  will  be  published  in  a  future  Ballistic 
Research  Laboratory  Report. 
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